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AAA ATPasePeroxisomes perform a wide variety of metabolic processes in eukaryotic organisms. Mutations that affect
peroxisome function or formation have profound phenotypic consequences, the latter demonstrated by
peroxisome biogenesis disorders which are often fatal. The biogenesis of peroxisomes conceptually consists
of: (1) the formation of the peroxisomal membrane, (2) the import of peroxisomal matrix enzymes and
(3) the proliferation of the organelles. Proteins involved in these processes are collectively called peroxins,
encoded by PEX-genes. To date 32 peroxins are known, which perform functions in peroxisome biogenesis
that are conserved from yeast to man. In this article, we focus on the current status of knowledge about the
topogenesis of the peroxisomal membrane proteins, and the import of proteins into the peroxisomal matrix.ous cellular activities; ERAD,
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Peroxisomes are almost ubiquitously found in eukaryotic cells and
belong to the microbody family of organelles along with glyoxysomes
of plants, glycosomes of trypanosomes and Woronin-bodies of
ﬁlamentous fungi [1]. Although the morphology of peroxisomes
differs between tissues and species, they typically are between 0.1–
1 μm in diameter and surrounded by a single lipid bilayer [2]. The
organelle derives its name from the fact that many enzymes
(especially oxidases) that generate toxic hydrogen peroxide, as well
as catalase, the enzymewhich decomposes H2O2 to water and oxygen,
are residents of this compartment [3]. However, the organelle is much
more than the toxic-waste dump of the cell. It is now known to house
more than 50 enzymes, many of which participate in peroxisome-
speciﬁc metabolic pathways [4,5]. In addition to the detoxiﬁcation of
hydrogen peroxide, the ß-oxidation of fatty acids is a functional
feature of peroxisomes across evolutionary diverse organisms. In
mammalian cells, the breakdown of fatty acids is distributed between
peroxisomes and mitochondria while in most other organisms in-
cluding plants and fungi, it is exclusively taking place in peroxisomes
[6]. Human peroxisomes are involved in the synthesis of cholesterol,
bile acids and ether lipids such as plasmalogens, which contribute tomore than 80% of the phospholipid content of the white matter in the
brain [7]. Other functions are specialized, such as themain reactions of
photorespiration in plant leaf peroxisomes, the ﬁnal steps of penicillin
biosynthesis in some ﬁlamentous fungi and the generation and
detoxiﬁcation of reactive oxygen species (ROS), which relates per-
oxisomes to the molecular process of aging. Moreover, the parasitic
protozoa Trypanosoma and Leishmania contain a special type of
peroxisomes, the glycosomes that contain glycolytic enzymes.
Glyoxysomes are particularly present in the fat-storage tissues of
germinating plant seeds and ﬁlamentous fungi and they contain
enzymes of the glyoxylate cycle, which enable the production of lipid-
derived compounds required for gluconeogenesis. Filamentous fungi
also contain Woronin bodies, which derive by budding from
peroxisomes and seal septal pores in the hyphae upon injury to
prevent fatal cytosolic bleeding [8,9].
The importanceof peroxisomes is emphasizedby the fatal natureof a
group of genetic diseases, the so-called peroxisomal biogenesis
disorders, in which peroxisomal functions are partially or even
completely compromised [7]. These diseases are caused by mutations
in a group of genes, called PEX genes which encode peroxins, proteins
required for peroxisome maintenance and inheritance. The 32 known
peroxins [8] are involved in three key stages of the peroxisomal de-
velopment: (i) formation of the peroxisomal membrane, (ii) compart-
mentalization of the peroxisomal matrix proteins and (iii) peroxisome
proliferation (growth and division).
2. Peroxisomal matrix protein import
Peroxisomal matrix proteins are synthesized on free polyribo-
somes in the cytoplasm and are imported post-translationally [10].
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matrix proteins fundamentally differs from most other protein
translocation systems identiﬁed and characterized to date [11]. First,
the peroxisomal protein import machinery allows the translocation of
fully folded, co-factor bound and even oligomeric proteins across the
peroxisomal membrane [12,13]. Second, at present there is no
evidence for a permanent peroxisomal translocon and it is therefore
generally assumed that the peroxisomal importomer assembles in
response to a signal and is of transient nature [14–17].
Although the basic principle of the translocation process is still a
mystery, based on the concept of cycling receptors [18,19], the import
process can be divided into four steps (Fig. 1). First, the cargo is
recognized in the cytosol by its cognate receptor protein. Second, the
cargo-loaded receptors dock to distinct proteins accessible at the
surface of the peroxisomal membrane. Third, the cargo is translocated
across the peroxisomal membrane and thereby delivered to the
peroxisomal matrix and ﬁnally, the receptors are exported back to the
cytosol to perform the next round of import.2.1. Targeting signals and cargo-recognition
Like the sorting of proteins to other cellular compartments, protein
targeting to peroxisomes depends on signal sequences. Majority of
peroxisomal matrix proteins contain a C-terminal type I peroxisomal
targeting sequence (PTS1), and less an N-terminal PTS2 [8]. Originally
the PTS1 was deﬁned as the tripeptide serine–lysine–leucine at ex-Fig. 1. The receptor cycle. According to the model of the cycling receptor, the
peroxisomal protein import conceptually can be divided into four steps: (i) cargo-
recognition in the cytosol and direction of the receptor–cargo complexes to the
peroxisomal membrane. (ii) Cargo-translocation into the peroxisomal matrix.
(iii) Disassembly of the receptor cargo complex and (iv) export of the receptor back
to the cytosol. Proteins harbouring the peroxisomal targeting signal type 1 (PTS1) are
recognized by the soluble receptor Pex5p. PTS2-proteins are recognized by Pex7p,
assisted by the auxiliary proteins Pex18p and Pex21p in S. cerevisiae, the orthologous
Pex20p in other fungi or Pex5L in plants and mammals. The receptor–cargo complexes
associate with the peroxisomal membrane via the peroxisomal docking complex,
consisting of Pex14p, Pex13p and Pex17p. The RING-complex is connected to the
docking complex via Pex8p and consists of the three ubiquitin ligases Pex2p, Pex10p
and Pex12p which together with ubiquitin-conjugating enzymes like Pex4p are
responsible for receptor ubiquitination. The AAA-peroxins Pex1p and Pex6p are
responsible for the last step of the import cascade, the export of the receptor back to the
cytosol where it is made available for the next round of import.treme C-terminal end of a protein [20]. To date it is known that this
tripeptide not always leads to a peroxisomal localization. In fact, it was
demonstrated that additional amino acid residues might be crucial for
receptor–cargo interaction. Thus, the PTS1 has been redeﬁned as C-
terminal dodecamers [21]. The predominantly cytosolic protein Pex5p
is the receptor for PTS1-proteins. Structurally, Pex5p can be divided
into two separate domains. The C-terminal domain contains at least six
tetratricopeptide repeats (TPRs) providing high afﬁnity PTS1-binding
sites [15]. The N-terminal domain contains binding sites for other
peroxins and is supposed to mediate membrane binding and multiple
sequential interactions with ligands like import machinery constitu-
ents during the receptor cycle [22].
The PTS2 conforms to themotif R-(L/V/I/Q)-xx-(L/V/I/H)-(L/S/G/
A)-x-(H/Q)-(L/A) [23,24] and is localized close to theN-terminus of the
protein. In plants approximately one third of peroxisomal proteins
contain this type of targeting signal [24], whereas in S. cerevisiae only
thiolase is known to use a PTS2 [19]. Interestingly, Caenorhabditis
elegans completely lacks the PTS2-mediated import pathway [25]. PTS2-
harbouring proteins are recognized by the soluble protein Pex7p [19]. It
consists of six tryptophan-aspartic acid (WD) repeats, preceded by a
distinct N-terminal region. In contrast to Pex5p, which performs its
function independent of other proteins, Pex7p requires the assistance of
species-speciﬁc auxiliary proteins: Pex20p in Y. lipolytica, P. pastoris, H.
polymorpha, andN. crassa [26–29] or the orthologous redundant Pex18p
and Pex21p in S. cerevisiae [30], or a longer splice variant of the PTS1-
receptor Pex5p which contains a Pex7p binding site and thus fulﬁls co-
receptor function in human and plant [31–33].
Besides these two pathways for PTS1 and PTS2 proteins, several
matrix proteins are imported in a Pex5p-dependent manner, despite
the fact that they lack a typical PTS1. As these proteins also lack a PTS2,
they are designated as non-PTS proteins [34]. Several models have
been proposed to explain their import into the peroxisomal matrix.
For some of these proteins, it has been reported that they form
complexes with PTS-containing proteins and therefore enter the
peroxisomes by a “piggyback” mechanism [12]. This piggyback trans-
port has been shown for the enoyl-CoA isomerases Eci1p and Dci1p
from baker's yeast [35] and the ﬁve acyl-CoA oxidase isoforms from Y.
lipolytica, which are imported into the peroxisomal matrix as a
heteropentameric co-factor-containing complex that is rapidly as-
sembled in the cytosol prior to import [36]. However, other non-PTS
proteins are able to interact directly with Pex5p but in a non-PTS1-
dependent fashion. This was shown for acyl-CoA oxidase from S.
cerevisiae and Y. lipolytica, the alcohol oxidase from H. polymorpha as
well as castor bean isocitrate lyase [37]. These proteins bind to a
region of Pex5p which is outside the TPR domain responsible for PTS1
recognition, suggesting that they contain Pex5p binding sites different
from the typical C-terminal PTS1-sequence. [34].
2.2. Receptor/cargo docking at the peroxisomal membrane
After the recognition of cargo in the cytosol, the next stage in
matrix protein import is docking of cargo-loaded receptors at the
cytosolic side of the peroxisomal membrane, which is facilitated by
the so-called docking-complex (Fig. 1). The ﬁrst docking constituent
identiﬁed was Pex13p, an integral peroxisomal membrane protein
(PMP) that exposes both its N- and C-terminus to the cytosol [38].
Initially, this peroxin was shown to bind the PTS1-receptor Pex5p
directly by means of its C-terminal Src-homology-3 (SH3) domain
[39–41]. Later studies demonstrated an additional association with
Pex7p via Pex13p N-terminus as well as binding of Pex14p, the second
docking constituent, to the Pex13p SH3 domain [42,43]. Pex14p is an
integral membrane protein in most species but in some species, like
baker's yeast, it is a peripheral membrane protein located at the outer
face of the peroxisome. Pex14p physically interacts with both of the
import receptors, Pex5p and Pex7p. Furthermore, Pex17p turned out
to be a binding partner of Pex14p and is thus considered as the third
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been identiﬁed in yeast and its actual function in the receptor docking
is still enigmatic. However, in silico research predicts the existence of
a chimeric protein consisting of the N-terminal part of Pex14p in
conjunction with the C-terminus of Pex17p in some organisms,
indicating that the Pex17p function can be integrated into other
proteins [47].
The molecular details of the docking event still remain unclear and
no structural data on the multi-component docking complex are
available. However, several lines of evidence suggest that Pex14p is
the initial docking factor responsible for the ﬁrst contact of the cargo-
loaded PTS1-receptor with the peroxisomal membrane: (I) Pex14p
exhibits higher afﬁnity to the cargo-loaded PTS1-receptor than
Pex13p [31,48], (II) in mammalian cells lacking Pex13p or other
components the amount of Pex5p present in the peroxisomal
remnants is comparable to wild-type and (III) overexpression of
Pex14p increases the Pex5p amount associated with peroxisomal
membranes [31]. Interestingly, recent data on the early events of
PTS2-pathway indicate that the PTS2-pre-import complex initially
binds to Pex13p and then assembles into high-molecular weight
complexes containing both Pex14p and Pex13p [49].
2.3. Cargo translocation
A characteristic feature of peroxisomes is the fact that they can
import fully folded and even oligomeric protein complexes. This
distinguishes them from the well established translocons of mito-
chondria, chloroplasts and the endoplasmatic reticulum, which
import only unfolded polypeptides [11]. Although much is known
about the targeting of peroxisomal proteins to the peroxisome, the
identity of the translocon as well as the basic principal mechanism of
how proteins translocate across the membrane remains totally
unknown. A number of models address the question of how proteins
enter the peroxisomal matrix.
Supported by the presence of internal membrane structures in
wild-type as well as certain peroxisome biogenesis mutants in both
yeast and mammalian tissues, one model suggests that proteins
destined for the peroxisomal matrix are imported by a membrane
invagination process [50]. Proteins are supposed to bind to the
peroxisomal membrane where they induce invagination of the
membrane similar to pinocytosis (“pinocytosis” model). As a
consequence vesicle-like structures bud off into the peroxisomal
matrix where they are dissolved to release the incorporated cargo.
Another model postulated the existence of a “transient pore”,
which might be dynamically formed by the import receptors
themselves [17]. This model is based on the observation that (I) the
import receptor Pex5p changes its membrane topology during protein
import cascade, and switches from a soluble cytosolic state to an
integral peroxisomal membrane constituent. Thereby only a small N-
terminal fragment faces the cytosol while the C-terminal bulk of the
protein, which contains the PTS1-binding site, is exposed to the
luminal side of themembrane [51]. (II) Pex5p seems to be able to form
homo-oligomers and the membrane-bound Pex5p exists in high-
molecular-weight complexes [52], which might represent the active
translocation site. (III) Recombinant Pex5p can spontaneously insert
into phospholipid membranes [22]. Thus, Pex5p shares features with
pore-forming toxins, a heterogeneous group of prokaryotic and
eukaryotic proteins with various but mostly toxic functions [53,54].
Therefore, according to the transient pore model, cargo-translocation
might be facilitated by the receptor itself most likely assisted by
Pex14p and other docking-complex constituents.
2.4. Cargo release
Like cargo-translocation, the mechanism of how cargo is released
from the receptor also remains unknown. The only peroxin which hasbeen connected to cargo liberation in the peroxisomal matrix is
Pex8p, which was originally identiﬁed as an intraperoxisomal
peripheral membrane protein that contains both, PTS1- as well as
PTS2-sequence [55–57]. The best understood function of Pex8p
relates to the connection of the docking-complex to the peroxisomal
RING (really interesting new gene)-ﬁnger complex (composed of
Pex2p, Pex10p and Pex12p), to form the multi-protein complex called
“importomer” [38]. At this point it is noteworthy that in P. pastoris
Pex8p function in importomer formation is taken over by Pex3p [58],
which is also involved in membrane protein targeting (see below). In
line with an assumed function in receptor–cargo dissociation, Pex8p
was shown to interact with the PTS1-receptor Pex5p in S. cerevisiae,
H. polymorpha and P. pastoris as well as the PTS2-co-receptor
Pex20p of P. pastoris and Y. lipolytica [59–61]. However, a Pex8p in
higher eukaryotes is still missing.2.5. Receptor ubiquitination
At the end of receptor cycle, the import receptors are released from
membrane and return back to cytosol where they are made available
for another round of protein import. Recent results provided some
insights into the mechanistic details of this process. It turned out that
ubiquitination of the PTS1-receptor is a prerequisite for its export
[62,63]. In general, ubiquitination is a highly conserved posttransla-
tional protein modiﬁcation process that results in the covalent
attachment of a 76 amino acid ubiquitin (Ub) polypeptide to a
substrate [64]. It is well established that polyubiquitination targets
proteins to degradation by the 26 S proteasome, whereas mono-
ubiquitination for instance has been shown to function as a sorting
determinant for plasma membrane internalization or internalization
of membrane proteins intomultivesicular bodies [65]. The attachment
of a Ub-moiety is facilitated by a three-step enzyme-cascade [66]. The
ubiquitin activating enzyme (E1) activates the Ub and transfers it to
the ubiquitin-conjugating enzyme (E2). In the ﬁnal step, a protein–
ubiquitin ligase (E3) binds both E2 as well as substrate and thereby
facilitates the conjugation of Ub moiety with substrate protein. S.
cerevisiae harbours genes coding for one E1, eleven E2 and approx-
imately between 80 and 100 putative E3 [64,67]. It was demonstrated
that the polyubiquitination of Pex5p primarily depends on the E2
protein Ubc4p, which upon deletion can be partly replaced by Ubc5p
or Ubc1p [68–70] (Fig. 2). Polyubiquitination of Pex5p is not a
prerequisite for its function in peroxisomal protein import but might
be a crucial step of a quality control system for the disposal of
dysfunctional Pex5p [68,69] also termed‚ ‘Receptor Accumulation
and Degradation in Absence of Recycling’ (RADAR; [60]). Pex5p-
monoubiquitination at a conserved cysteine residue close to the
Pex5p N-terminus is facilitated by the E2 protein Pex4p (Ubc10p) in
yeast or the Pex4p-like UbcH5a/b/c in humans [62,71,72]. The
modiﬁcation of Pex5p by a single Ub primes the receptor for its
export back to the cytosol where the Ub is supposedly removed prior
to the initiation of a new receptor cycle [62,63,71]. Recently, the Ub-
cascade of the peroxisomal protein import machinery was completed
by the identiﬁcation of three RING-ﬁnger peroxins Pex2p, Pex10p and
Pex12p as protein–ubiquitin ligases acting on the peroxisomal import
receptor Pex5p [72,73]. Accordingly, Pex12p is the ubiquitin ligase
responsible for the Pex4p-dependent monoubiquitination and thus
represents a central part of the receptor cycle [73]. Controversial
results are present concerning the ubiquitin ligase responsible for the
Ubc4p-dependent polyubiquitination of the proteolytic quality con-
trol pathway that leads to proteasomal degradation of Pex5p. Both,
Pex2p and Pex10p have been implicated in Pex5p-polyubiquitination
[72,73]. However, mutation or truncation of Pex10p only reduces
Pex5p-polyubiquitination [72,73]. In contrast, this receptor modiﬁca-
tion is completely absent when Pex2p is affected [73], suggesting that
Pex2p is the crucial ubiquitin ligase for Pex5p-polyubiquitination.
Fig. 2. Ubiquitination of the PTS1-receptor Pex5p. The PTS1-receptor Pex5p can be either mono- or polyubiquitinated. Monoubiquitination of the receptor is catalyzed by the
peroxisomal E2-enzyme Pex4p, and the RING-peroxin Pex12p as the responsible protein–ubiquitin ligase (E3). Monoubiquitination of Pex5p serves as an export signal supposedly
recognized by the AAA-proteins Pex1p/Pex6p which dislocate the receptor from the membrane to the cytosol in an ATP-dependent manner where it is then available for another
round of import. In contrast, Pex5p-polyubiquitination requires the E2-protein Ubc4p and Pex2p as E3. Polyubiquitinated Pex5p is supposed to be also recognized by the AAA-
peroxins and directed to proteasomal degradation as a part of a quality control system.
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ubiquitinated at the peroxisomal membrane [9] and a conserved
cysteine has been demonstrated to be essential for Pex20p recycling
from the membrane to the cytosol [29]. Moreover, deﬁciency in Pex4p
or one of the RING-peroxins affects the peroxisomal protein import of
both PTS1- and PTS2-proteins. Thus, future experiments have to
clarify whether the same Ub-cascade acting on Pex5p is also re-
sponsible for the PTS2-co-receptor modiﬁcation.
2.6. Receptor release
The ubiquitination of the receptor is a compulsory modiﬁcation for
the next step in the receptor cycle, the ATP-dependent dislocation of
Ub-Pex5p from the peroxisomal membrane to the cytosol which is
performed by the export complex. This protein complex contains
Pex1p and Pex6p, two members of the AAA-protein family (ATPases
associated with diverse cellular activities family) [63,74,75]. Pex1p
and Pex6p both contain two AAA-domains and they interact in an
ATP-dependent manner [76]. Pex1p and Pex6p display a dual
localization in the cytosol and at the peroxisomal membrane. Mem-
brane association is facilitated by binding to the integral peroxisomal
membrane protein Pex15p (or Pex26p in human) [77,78] (Fig. 2). The
mechanism of how AAA-peroxins extract the receptor out of the
peroxisomal membrane is still unsolved. A better understood cellular
process which might function in analogy to the peroxisomal receptor
release and thus might provide a clue how ubiquitination is linked
to Pex1p/Pex6p-dependent export of Pex5p is the endoplasmic-
reticulum (ER) associated degradation (ERAD)-system [79]. ERAD
extracts misfolded and polyubiquitinated proteins from the ER-
membrane for their subsequent degradation by the proteasome. It is
supposed that these modiﬁed proteins are recognized by the N-
terminal domain of the AAA-protein Cdc48p(p97/VCP) either in a
direct manner or mediated by adaptor proteins [80]. Interestingly, the
X-ray structure of the N-terminal domain of Pex1p revealed striking
similarities to the corresponding domain of Cdc48p, in particular, both
proteins share a double-psi beta barrel fold within this region [81].
Recent data from Cdc48p and its adaptor protein Ufd1p identiﬁed this
fold as a ubiquitin-binding domain with two binding sites for mono-
and polyubiquitin [82]. Whether the related domain of Pex1p is
also capable to bind ubiquitin still remains to be experimentally
addressed.2.7. Receptor deubiquitination
Once the ubiquitinated PTS1-receptor is liberated into the cytosol
during or after export, the Ub-moiety has to be removed. In gen-
eral this cleavage is carried out by a speciﬁc class of enzymes,
ubiquitin hydrolases also known as deubiquitinating enzymes
(DUBs). Polyubiquitinated Pex5p is targeted to the proteasome for
its degradation. Prior degradation, polyubiquitin chains are removed
by proteasome-associated DUBs and recycled for new ubiquitination
events [83]. Monoubiquitinated Pex5p is liberated to the cytosol and
recent in vitro data indicated that themono-Ubmight be cleaved off in
two different ways. The thioester bond between Pex5p and mono-Ub
could be broken in a non-enzymatic manner by a nucleophilic attack
of glutathione or enzyme-catalyzed by a ubiquitin hydrolase which
still needs to be identiﬁed [84]. S. cerevisiae contains genes coding for
17 DUBs [85] and future work has to show which DUB(s) is/are
responsible for Pex5p deubiquitination.
3. Topogenesis of peroxisomal membrane proteins
Most of the pex-mutants, characterized by their defect in the bio-
genesis of peroxisomes, exhibit a block in the matrix protein import,
but do import peroxisomal membrane proteins (PMPs) normally into
peroxisomal remnants (ghosts) [8,86]. Thus, the protein import into
the peroxisomalmatrix and the targeting and insertion of peroxisomal
membrane proteins is performed by distinct machineries [39,41].
3.1. Peroxisomal membrane biogenesis factors
Cloning by functional complementation of peroxisomemembrane-
deﬁcient mutants of yeast and mammalian cells led to the identiﬁca-
tion of Pex3p, Pex19p and in some organisms Pex16p, which are all
required for the topogenesis of PMPs [87–94].
Pex16p is an integral membrane protein that seems to be absent in
most yeast but which at least in mammalian cells is crucial for
biogenesis of the peroxisomal membrane. The role of Pex16p is
not completely clear. Some evidence suggests that it might act as a
tethering factor for Pex3p, other data indicate that the protein
contributes to a putative membrane-insertion machinery [89,95,96].
Pex19p is farnesylated, displays a dual subcellular localization
(cytosolic and peroxisomal) and possesses the ability to interact with
Fig. 3. Topogenesis of peroxisomal membrane proteins. PMPs are targeted to the
peroxisome by two routes. Class I PMPs are directly targeted from the cytosol to the
peroxisomal membrane while class II PMPs are ﬁrst routed to the ER where they are
supposed to be incorporated into pre-peroxisomal vesicles which are targeted to
peroxisomes or might represent the membrane origin for the de novo synthesis of
peroxisomes. Class I peroxisomal membrane proteins (PMPs) contain a peroxisomal
membrane targeting signal (mPTS) which is recognized by the import receptor and/or
chaperone Pex19p. At the peroxisomal membrane, Pex3p functions as membrane
anchor protein for the cargo-loaded Pex19p.
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is required for its function in peroxisome biogenesis and recent data
indicate that the prenyl-moiety does not inﬂuence the subcellular
localization but contributes to the structural integrity of the protein
[103]. The fact that Pex19p binds PMPs and that it is a predominantly
cytosolic protein with only a small amount localized to peroxisomes
led to the idea that it is a shuttling receptor, which in analogy to the
import receptors Pex5p and Pex7p binds PMPs in the cytosol and
directs them to the peroxisomal membrane supposedly by binding to
its peroxisomal membrane anchor Pex3p [102,104,105] (Fig. 3).
However, additional models for Pex19p function have been proposed.
Pex19p might function as a PMP chaperone that prevents newly
synthesized PMPs from aggregation and degradation in the cytosol
[104,106], it might act as a PMP membrane-insertion factor [97,101]
or it might be required as an association/dissociation factor ofmembrane protein complexes [107]. Alternatively, Pex19p might act
as a multifunctional peroxin and participate in a number of these
activities.
Pex3p plays a central role in the topogenesis of PMPs. It is a
peroxisomal membrane protein which serves as a docking factor for
the recruitment of complexes of Pex19p and newly synthesized PMPs
[91,108–110] and is thought to represent the initiation point for the
de novo formation of peroxisomes (see below).
3.2. Membrane protein targeting
The majority of PMPs, which are synthesized on free ribosomes,
are recognized by Pex19p in the cytosol during or immediately after
synthesis. The import pathway for peroxisomalmatrix andmembrane
proteins are distinct. Accordingly, PMPs neither contain a PTS1 nor a
PTS2 but harbour internal membrane targeting sequences (mPTS),
consisting of a Pex19p binding motif and a membrane anchor
sequence. The Pex19p-binding motif consists of a short sequence
which contains either a cluster of basic residues or a mixture of basic
and hydrophobic amino acids [105]. Although some similarities
among these basic sequences have been noted and the binding
properties are conserved across kingdoms [99,105], a clear consensus
could not yet be deduced. Proteins harbouring such a mPTS (class I)
are supposed to be guided directly to the peroxisomal membrane
upon Pex19p binding [105] [111] (Fig. 3), with Pex19p functioning as
soluble chaperone and/or import receptor (see above). However, also
some peripheral membrane proteins are targeted to the perox-
isomal membrane in a Pex19p-dependent manner. Accordingly, their
targeting signals contain the Pex19p-binding motif. Membrane
anchoring of these peripheral membrane proteins then requires
association with a resident peroxisomal membrane protein. Thus, a
mPTS of class I peroxisomal membrane proteins contains a Pex19p-
binding motif and a membrane anchor sequence which might be a
transmembrane segment or a protein-binding module.
In addition to the Pex19p-dependent PMP targeting pathway,
there is a second pathwaywhich is independent of Pex19p, Pex3p and
Pex16p. It is believed that these class II PMPs ﬁrst are targeted to the
ER and then routed to the peroxisomes via a not clearly deﬁned vesicle
mediated transport pathway [112–114] (Fig. 3). Pex3p and Pex16p
are believed to represent class II PMPs. Pex3p contains its targeting
information within the N-terminal 46 amino acids (for a review see
[115]). The Pex3p N-terminus shares similarities to Pex22p [116]
which has recently been identiﬁed as class II PMP. Pex22p is involved
in a late step of the matrix protein import and does not play a role in
the biogenesis of the peroxisomal membrane [117]. Although func-
tionally distinct, the topology of Pex22p resembles that of Pex3p, with
a single transmembrane domain, a short N-terminal region facing the
peroxisomal lumen, and a large C-terminal domain exposed to
the cytosol. Neither the Pex3p- nor the Pex22p-N-terminal signal
sequences interact with Pex19p and both targeting signals are
interchangeable [115,116]. While some evidence indicates that
Pex16p inserts into the ER-membrane cotranslationally [95], nothing
is known about the mechanism of ER-targeting and peroxisomal
sorting of Pex3p and Pex22p.
3.3. The ER-connection
The origin of the peroxisomal membrane has been a matter of
debate for a long time. Early studies proposed that peroxisomes
originate from the ER as both cellular compartments are often found
in close proximity in numerous electron microscopy pictures [118].
Then it was discovered that the peroxisomal matrix proteins and the
thus far known PMPs are both synthesized on free ribosomes in the
cytosol and that these proteins are imported post-translationally in
pre-existing peroxisomes [119]. These observations led to the
“growth and division” model which proposed that peroxisomes
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However, this model did not explain the observation that the
reintroduction of a gene into a peroxisome-lacking deletion strain
can induce de novo formation of peroxisomes. First Evidence
supporting the idea that the ER is involved in peroxisome formation
were obtained from a study of dendritic cells. Pex13p and PMP70,
both peroxisomal membrane proteins, were partially located in
specialized regions of the ER in close proximity to peroxisomes
[121]. Moreover, recent ﬁndings obtained by real-time ﬂuorescence
microscopy in S. cerevisiae provided evidence for the ER being source
for the origin of peroxisomal membranes, at least during de novo
formation [112]. For instance Pex3p was shown to target ﬁrst to the
ER, then concentrates in foci and ﬁnally buds off in a Pex19p-
dependent manner and matures to functional peroxisomes [112–
114]. Based on the “de novo biogenesis model”, many PMPs are
indirectly sorted to peroxisomes via the ER [122] (class II PMPs, Fig. 3).
Recently, it has been demonstrated that both ways of peroxisome
formation can exist in one organism. In baker's yeast, peroxisomes
normally multiply by growth and division whereas the ER serves as
source for essential membrane constituents [123].
3.4. Concluding remarks
Much progress has beenmade on the elucidation of the topogenesis
of peroxisomal matrix and membrane proteins. It turned out that the
import machineries for the matrix and membrane proteins are distinct
and that the importomer for matrix proteins can be divided into at least
two functional units. The ﬁrst unit is responsible for cargo-recognition,
receptor docking and cargo-translocation and consists of the import
receptors and the docking-complex which in its assembled formmight
also represent the translocon. The second unit, the export machinery, is
responsible for receptor ubiquitination and the ATP-dependent release
of the receptor. It will be interesting to ﬁnd out whether the functional
division of responsibilities of the importomer is mirrored by its
structural composition and whether the supposed import cascade in
which the import receptors are thought to be transferred from one
component to the next is reﬂected by a dynamic interplay of the
functional units.
Our detailed understanding of the matrix protein import has
beneﬁted from studies on the PTS1-receptor cycle. The ubiquitination
cascade leading to Pex5p mono- and polyubiquitination has been
solved. Ubiquitination turned out to be a prerequisite for the AAA-
peroxin dependent export of the receptor as an ATP-consuming step.
However, the major question how cargo-proteins traverse the per-
oxisomal membrane is still unsolved.
Another open question concerns the cargo liberation in the
peroxisomal matrix. It is assumed that Pex8p plays a role in this
process, but this still awaits experimental veriﬁcation and the Pex8p-
orthologue of higher eukaryotes remains to be identiﬁed. On top of
this, the elucidation of the role of ubiquitination in the PTS2-pathway
and especially the mechanism of the recycling of Pex7p, which is not
reported to be ubiquitinated is a major challenge. Moreover, as a
consequence of the receptor cycling, ubiquitin has to be removed
during or after the release of the receptor from the membrane. This
very late step in the receptor cycle is supposedly mediated by a
deubiquitinating enzyme (DUB) of which the presence and nature has
to be elucidated. Finally, the molecular details of peroxisomal
membrane protein targeting and insertion are still unknown. The
mechanisms underlying sorting of Pex3p to the ER and its observed
concentration in distinct foci remain to be elucidated.
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